We report spectral linewidth measurements of a 9.1-mm distributed-feedback quantum cascade laser (QCL). The free-running QCL beam was mixed with a waveguide isotopic C 18 O 2 laser onto a high-speed HgCdTe photomixer, and beat notes were recorded from a radio-frequency spectral analyzer. Beating was performed at two operating conditions, first near the QCL laser threshold (beating with the C 18 O 2 R10 line) and then at a high injection current (beating with the C 18 O 2 R8 line). Overall, beat note widths of 1.3 -6.5 MHz were observed, which proves that a free-running QCL can have a short-term spectral width near 1 MHz.
Quantum cascade lasers 1 (QCLs) are tunable medium-IR laser sources that are widely used. Either for free-space optical communications 2 or for high-resolution spectroscopy, 3 cw operation and low spectral width are key parameters. A cw narrow linewidth yields either a high transmitted data rate or high spectral resolution. Using a QCL in pulse mode causes a thermal chirp, which degrades spectral purity. Several authors have reported spectral width measurements of frequency-stabilized 4 and free-running QCLs. 5, 6 To the best of our knowledge, we report in this Letter the first direct observation of a 9.1-mm distributed-feedback QCL spectral width by heterodyning with a cw C 18 O 2 laser. This QCL wavelength is particularly attractive because it hits the 8 13-mm atmospheric window.
The QCL is housed inside a laboratory-built cryostat filled with liquid nitrogen. 7 The temperature is monitored and stabilized by a digital controller (Lakeshore 340). Its long-term (several seconds) temperature stability is 60.02 K, but its short-term stability (less than 1 s) is better. However, its behavior was found to be variable and unpredictable. The current is supplied to the QCL by a linearly stabilized dc power supply (Lambda LQD-421-W), with an additional 10-V serial resistance. To reduce current f luctuations we added a RC low-pass filter with a 30-Hz cutoff frequency at the supply's output. The QCL then reached a long-term stability of 616 mA at 0.6A. We shall see below that these two kinds of instability induce additional frequency drifts in the QCL. The .1500-MHz bandwidth). We took care to avoid optical feedback in the QCL by making a slight misalignment. Figure 1 gives experimental details of the optical setup. For coarse evaluation of QCL wavelength we used an Ebert -Fastie grating spectrometer with a 300-mm focal length and a 150-line͞mm grating. The resolution was 0.1 cm 21 , with slits opened at 0.2 mm. We used direct absorption spectroscopy of SO 2 to calibrate the QCL wavelength finely relative to 
Both the C 18 O 2 laser and the QCL optical powers were reduced by use of iris diaphragms D1 and D2 (Fig. 1) . The HgCdTe photodiode operates at reverse bias. The photocurrent is fed into a radio-frequency spectrum analyzer (Model IFR-2398). During the beating the QCL and the C 18 O 2 laser operate at a fixed frequency, and beat notes are then recorded by a PC. Figure 2 shows beat notes obtained with the C 18 O 2 laser R10 line under identical experimental conditions. At this frequency the QCL operates at I 0.47 A and T 86.3 K, viz., very near threshold ͑I th 0.46 A͒. It emits 400 mW of optical power. As one can see from the figure, the frequency difference between the two lasers is 512 MHz.
By recording several successive single shots with a spectrum analyzer with a resolution bandwidth of 30 kHz and a 0.5-s sweep time, we observed that the beat note's linewidth varies from 1.3 to 5 MHz. In accordance with the established long-term stability and current-tuning rate, the QCL spectral linewidth should always be below 2.2 MHz. We believe that the linewidth variations from one shot to another are directly linked to unpredictable short-term temperature stability. At this operating point the best-fitting peak function was found to be Gaussian. One can argue that the low-frequency phase noise caused by both temperature and current instabilities is the main noise source. 9 In Fig. 2(a) the C 18 O 2 spectral contribution to the beating width is no longer insignif icant. If we consider Gaussian laser prof iles, the resultant QCL spectral width is near 1 MHz. Figure 3 shows two new beat notes, but this time the QCL operates at a high injection current, viz., 0.85 A, with T 91 K, emitting ϳ20 mW of optical power. The C 18 O 2 laser cavity and grating were adjusted to reach emission at the R8 line frequency. The frequency difference between the two lasers is 1205 MHz. Again, under identical experimental conditions, the observed linewidth varies from one shot to another, from 2.8 to 6.5 MHz. This time the best fitting function is a Lorentzian, though the QCL is far from operating under the quantum noise limit. Low-frequency phase noise is no longer the main one.
We believe that a comparison of the QCL with other tunable laser sources operating in the same spectral region could be of interest. Near 9.1 mm, only lead salt diode lasers are available. Except at specific measurements that achieve quantum noise limited width, 10 diode laser linewidths are often found to be greater than 10 MHz. 11, 12 Unlike diode lasers, QCLs, have a linewidth enhancement parameter a (Ref. 13 ) that is near zero. 1 In addition, currentand temperature-tuning rates are more than 10 times lower for QCLs. Therefore QCLs are less sensitive to current and temperature f luctuations than are lead salt lasers. In addition, the QCL's optical power is 100 times greater than a lead salt laser's power.
In conclusion, we have measured a cw 9.1-mm QCL linewidth in a heterodyne experiment. These results demonstrate that, even with an almost standard power supply and medium temperature stability, linewidths of 1 -6 MHz can easily be obtained. These narrow widths are a new advantageous feature of QCLs in addition to high power and single-mode emission.
The limitation observed here is due to technical noise produced by current and temperature instabilities and is not a QCL limitation. We are now working to solve this technical problem. A goal for the future is to actively stabilize the QCL frequency on a molecular line or on a high-f inesse etalon fringe to achieve a narrower QCL spectral width.
